Considering the necessity of Acrocomia aculeata propagation for large-scale production, the aim of this study was to establish a somatic embryogenesis protocol using the thin cell layer (TCL) technique. Aerial parts of in vitro plants were transversally cut at the base into eight TCLs and placed in a culture medium for callus induction. The induction medium was composed of Y3 salts and Morel´s vitamins and supplemented with 150, 300 or 600 μM picloram. After 12 weeks the calli were transferred to a medium supplemented with BAP or 2-iP (12.5 or 25 μM). After 18 weeks, the somatic embryo clusters were transferred to a conversion medium (plant growth regulator-free medium). Primary callus induction rate was higher in the first three TCLs and in media containing 150 or 300 μM picloram. The best maturation results were obtained in medium containing 12.5 μM 2-iP or 12.5 μM BAP. Few somatic embryos converted into plants. The histological analyses showed that callus induction started adjacent to vascular bundles after two days of culture, and somatic embryos arose in the periphery of nodular calli. This study showed that the TCL embryogenesis protocol is promising for in vitro multiplication of A. aculeata.
Introduction
Acrocomia aculeata is a palm species native to Central and South America. In Brazil the species occurs mainly in the states Minas Gerais, Goiás, Mato Grosso and Mato Grosso do Sul (Scariot et al. 1995) , where it is popularly known as bocaiuva or macauba. Its fruits hold great potential for the production of two types of oil, one from the mesocarp and the other from the kernel (Henderson et al. 1995; Lorenzi 2006 ). The quality of the kernel oil is similar to that of coconut and palm oil; it is used as edible oil and by the pharmaceutical industry (Bélen-Camacho et al. 2005; Hernández et al. 2007) . The use of the fruit for oil also generates by-products such as mesocarp cake, which is rich in high-value soluble fibers for use in animal feed and the production of cakes and biscuits (Ramos et al. 2008) .
Presently the production of A. aculeata is primarily extractive and its propagation done with seeds, which exhibit dormancy and experience a low germination rate (Lorenzi 2006; Ribeiro et al. 2012) , although Motoike et al. (2007) developed a method that raised the germination rate to 60-80%. For large-scale commercial use of A. aculeata it is necessary to develop a technique for the clonal propagation in order to establish a uniform cultivation system. Somatic embryogenesis is the process by which a single cell, or a group of somatic cells, produces somatic embryos -bipolar structures without a vascular connection to the mother tissue Cangahuala-Inocente et al. 2004) . This system is similar to zygotic embryogenesis and is comprised of several steps starting with embryogenic cell formation, followed by differentiation into a somatic embryo, and then maturation and conversion into a plant (Ammirato 1983; Arnold et al. 2002) .
Somatic embryogenesis holds promise as a technique for palm tree propagation, especially when other propagation techniques prove too difficult or are unviable (Sané et al. 2006; Steinmacher et al. 2007c) . It can be induced in different types of explants, such as zygotic embryos, inflorescences, shoot tips and immature leaves, and may allow the production of many identical plants (Steinmacher et al. 2007 a; .
The thin cell layer technique (TCL) consists of cultivating small explants excised (longitudinally or transversely) from different organs (Tran Than Van 1973) . The TCL culture may induce specific morphogenic routes, such as controlled somatic embryo production (Nhut et al. 2003) . The technique has proven efficient at propagating many plant species (Silva et al. 2007; Silva 2010) species, has been used with peach palm (Bactris gasipaes) by Steinmacher et al. (2007c) and oil palm (Elaeis guineensis), with leaf explants (Scherwinski-Pereira et al. 2010 ) and immature inflorescences (Guedes et al. 2011 ).
Somatic embryogenesis was described for A. aculeata using zygotic embryos as explants, but few of the resulting somatic embryos were capable of converting into plants (Moura et al. 2009 ). To our knowledge, no other sources of explants have been used for this species, so new protocols of somatic embryogenesis need to be investigated. Furthermore, TCL holds promise to achieve the goal of cloning adults of this plant.
Therefore, the aim of this work was to establish a protocol for somatic embryogenesis for A. aculeata by applying the thin cell layer technique to leaf explants of in vitro cultured plants.
Material and Methods

Plant material and in vitro germination
Mature fruits were collected at Bodoquena, Mato Grosso do Sul, Brazil (20°32'13.7"S, 56°42'47.7"W). The endocarp was removed and the kernels were surface-sterilized under aseptic conditions by a one-minute immersion in 70% ethanol followed by a 15 minute immersion in 6% sodium hypochlorite solution with one drop of Tween 20 ® per 100 ml (0.1%). The kernels were then rinsed three times in sterile distilled water. Zygotic embryos were aseptically removed from the kernels and cultured in test tubes containing 10 ml of germination medium with Y3 salts (Eeuweens 1976) , supplemented with Morel vitamins (Morel & Wetmore 1951) , 30 g L -1 sucrose and 1 g L -1 activated charcoal and gellified with 5.8 g L -1 agar (Vetec ® ). The cultures were kept in the dark at 25±2 °C for 4 weeks and then under coolwhite fluorescent tubes with a photosynthetic photon flux density (PPFD) of 40 μmol m -2 s -1 and a 16 h photoperiod for eight weeks.
Twelve-week old seedlings of 2-4 cm had their roots, cotyledonary petioles and most external leaves removed. The remaining leaf portion was transversally cut from the base into eight slices about one mm thick (TCLs) (Steinmacher et al. 2007c) , which were used as explants for somatic embryogenesis (Fig. 1) . The first explant was composed of leaf sheath and apical meristem and the others of leaf fragments; the original position of the explants was maintained in the Petri dish during their culture.
Callogenesis and induction of somatic embryogenesis
The effect of three picloram concentrations (150, 300 and 600 μM) and of the initial explant position on primary callus formation were studied. TCL explants were inoculated in glass Petri dishes (10 x 2 cm) containing 40 ml of culture medium and sealed with plastic film. The induction medium
, 500 mg L -1 glutamine and 150, 300 or 600 μM picloram. The explants were cultured in the dark, as described above, for 12 weeks. No subculture was applied. Callus formation was evaluated after 12 weeks.
The primary calli obtained in the media with 150 or 300 μM picloram were transferred to a multiplication medium. In this step, the medium described above was used except that the activated charcoal concentration was reduced to 0.3 g L -1 , 75 μM picloram, and 500 mg L -1 hydrolyzed casein were added. The treatments consisted of the addition of 2-iP or BAP to this medium (12.5 or 25 μM of each, separately). Subcultures on the same fresh culture medium were carried out at 4-week intervals for 8 weeks. Calli were classified into three morphological types: compact, nodular and friable. The nodular calli with embryogenic clusters were transferred to a maturation medium containing Y3 salts, Morel vitamins, 30 g L -1 sucrose, 2 g L -1 Gelzan (Sigma), 1 g L -1 glutamine, 0.5 μM NAA and BAP or 2-iP (12.5 or 25 μM of each, separately) for 4 weeks under light and then to a conversion medium (same as the germination medium described above) where they were maintained under light for eight weeks.
Histological analysis
In order to observe the origin and development of the callus and the somatic embryos, histological analysis was performed throughout the steps of somatic embryogenesis. The second slice from the base was collected for anatomical study at zero, two, five, seven, 15 and 30 days after culture. Samples were fixed in a Karnovsky´s solution (Karnovsky 1965), dehydrated in a graded ethanol series and embedded in Leica Historesin ® (Leica Microsystem) following the manufacturer's instructions. Using a rotary microtome, 5-7 μm sections were acquired, mounted on a slide, and stained with toluidine blue in 0.1 M phosphate buffer, pH 6.8 (O´Brien et al. 1964) .
Experimental design and statistical analyses
The experiment comparing the effect of picloram concentration and explant origin incorporated a completely randomized design with five repetitions. Each repetition was composed of four Petri dishes with eight explants of the same plant in each. Callus induction percentage was evaluated after 90 days. The experiment comparing BAP and 2-iP employed a completely randomized design with 10 repetitions. Each repetition was composed of one Petri dish with five primary calli. Callus consistency was evaluated at this step. For the maturation experiment, five repetitions of a Petri dish with five nodular calli were used. The number of somatic embryos and the number of converted somatic embryos were counted. These experiments were repeated twice and the mean for each was used. Data were transformed to achieve homogeneity of variances and then submitted to analysis of variance (ANOVA). Means were compared using Tukey's multiple range test at 5% significance.
Results
Callus formation began after two weeks in the induction medium, mainly in the basal explants. After 12 weeks, significant differences were observed between the picloram concentrations, with the best results being obtained with 150 and 300 μM picloram (Fig. 2) . Concerning the explant position, the basal TCLs had high rates of callogenesis, and the first three TCLs had the highest percentages (Fig. 3) . The primary calli were compact and had a whitish to yellowish color.
In the multiplication medium the primary calli increased in volume and after 16 weeks three morphological types of calli could be characterized: compact, yellowish to brown, hard, and non-embryogenic calli (Fig. 4A) ; friable, whitish to yellowish, soft and non-embryogenic calli (Fig. 4B) ; and nodular, whitish and embryogenic calli with semi-compact texture and with embryogenic masses (Fig. 4C) . There was no difference between the callus types when a cytokinin was added to the medium (Tab. 1). However, after eight weeks in the multiplication medium, embryogenic clusters were observed on nodular calli. These calli were then transferred to the maturation medium and pro-embryos formed ( Fig. 4D-E) . The number of calli with somatic embryos was low (24%), but in media supplemented with the low cytokinin concentration (12.5 μM) more somatic embryos appeared, with an average of 38 per nodular callus on medium containing 2-iP and 25 per nodular callus on medium with BAP. In the presence of the highest concentration of 2-iP and BAP (25 μM), five and four somatic embryos per nodular callus appeared, respectively.
When the somatic embryos were transferred to the conversion medium, a few of them (18%) became green and converted into plants (Fig. 4F-G) . Other somatic embryos became dark and did not fully complete their development (Fig. 4H) . The converted embryos did not survive acclimatization. . E. Somatic embryo cluster with well-formed globular embryos (arrows) after 4 weeks in maturation conditions (bar = 3.7 mm). F. Somatic embryo conversion with plumule and radicle emission and haustorium formation in conversion medium after 26 weeks of in vitro culture (bar = 1.9 mm). G. Regenerated plantlet with root and plumule after 30 weeks of in vitro culture (bar=2.4 mm). H. Malformed somatic embryo conversion, which formed neither leaves nor roots after 30 weeks of in vitro culture (bar= 2 mm). pl = plumule, r = radicle, h = haustorium. Please see the PDF version for color reference. 
Histological analyses
The histological analyses of basal TCLs were performed prior to their culture showing several collateral vascular bundles distributed along the tissue. Major vascular bundles with differentiated xylem and phloem, and minor bundles in differentiation, were identified (Fig. 5A) . After two days of in vitro culture there was an increase in the number of cells in the perivascular parenchyma (Fig. 5B) . These new cells were smaller in diameter, and had a larger nucleus and denser cytoplasm than the older cells. After five days, groups of meristematic cells with collapsed sieve tubes appeared in the perivascular parenchyma, mainly among the disorganized cells near the phloem (Fig. 5C ). After 15 days, small meristematic isodiametric cells showed periclinal and anticlinal divisions, indicating radial growth, which compressed the parenchymatous cells of the explant (Fig. 5D) .
Within 12 weeks, nodular calli appeared on some primary calli, with a higher cell division rate in the peripheral cells. After 18 weeks of culture, globular structures appeared to arise from the peripheral cells of nodular calli (Fig. 5E) . Somatic embryos showed a well formed protoderm and some appeared fused together after 24 weeks (Fig. 5F-G) . Phenolic compounds were present in some protodermic cells and somatic embryos with a discontinuous protoderm were observed. The few converted embryos showed a malformed protoderm and a loose parenchyma (Fig. 5H-I) . The vascular bundles of converted plantlets showed some cells with phenolic compounds (Fig. 5I ) and the radicle showed malformed protoderm (Fig. 5J ).
Discussion
The TCL technique, first developed by Tran Thanh Van (1973) , proved efficient at inducing callus formation from sections of leaves of A. aculeata, and producing somatic embryos. However, difficulties in conversion were encountered, as also reported by Moura et al. (2009) for somatic embryogenesis from zygotic embryos. A preliminary experiment with this species found that callus induction in leaf explants of a 5 mm thickness was very low (data not shown), while the induction in transverse TCLs was high.
The advantage of TCL is that cells have greater contact with the nutrients and growth regulators present in the culture medium than do whole explants (Ahn et al. 1996) . Furthermore, TCL provides a simple and efficient system of micropropagation that can be used in the propagation of elite clonal plants ( Monja-Mio & Robert 2013) . In addition to A. aculeata, the TCL technique has been used with success in Bactris gasipaes (Steinmacher et al. 2007c ) and in Elaeis guineensis (Scherwinski-Pereira et al. 2010) . In both cases, the initial explants were leaf transverse TCLs of in-vitro grown seedlings.
In the present study, the highest rate of callus induction for A. aculeata was observed in basal explants, corresponding to apical meristems with cells in division and differentiation. Leaf explants react according to their physiological age and ontogenesis. Furthermore, in monocots, the cells most capable of callogenesis are located in young leaves (Jullien & Tran Thanh Van 1994) . In different wheat varieties, the basal portion of young leaves showed better organogenesis than that of old leaves (Mahalakshmi et al. 2003) . In peach palm (Bactris gasipaes), the highest primary callus induction rate was observed in explants originating from near the apical meristem, regardless of the picloram concentration used (Steinmacher et al. 2007c) . In oil palm, leaf TCLs had the highest rate of embryogenic callus and somatic embryo formation (Scherwinski-Pereira et al. 2010) .
The present study confirms that picloram is necessary for callus induction in leaf explants of A. aculeata. In a preliminary experiment, the callus induction rate in leaf transverse TCLs of A. aculeata cultured in the presence of 2,4-D was almost nil. In the study of Moura et al. (2009) on A. aculeata, embryogenic callus formation did occur in the presence of 2,4-D and picloram, however, somatic embryo induction occurred in calli from zygotic embryos only when picloram was used. Among the synthetic auxins, picloram was also effective in inducing somatic embryogenesis in peach palm (Steinmacher et al. 2007a; , oil palm (Scherwinski-Pereira et al. 2010; Silva et al. 2012) , açai palm and Areca catechu (Karun et al. 2004) .
A high auxin concentration in association with activated charcoal has been widely used in the induction of somatic embryogenesis of palm species (Pérez-Nuñez et al. 2006; Saénz et al. 2006; Steinmacher et al. 2007b; Othmani et al. 2009; Perera et al. 2009; Al-Khayri 2010) . For A. aculeata, Moura et al. (2009) showed that activated charcoal was essential for avoiding tissue browning and stimulating somatic embryo formation.
The transfer of primary calli of A. aculeata to a medium supplemented with a half-concentration of picloram and BAP or 2-iP, and with a reduced concentration of activated charcoal, stimulated callus growth and differentiation. Cytokinins have been used in embryogenic callus and somatic embryo induction, alone or combined with low concentrations of auxins (Rao & Ganapathi 1993) . They act on cell division and in vitro morphogenesis, regulating tissue division and differentiation (Fehér et al. 2003) .
Although the induction of somatic embryogenesis was successful, very few converted into plants after being transfered to a conversion medium under light. Low conversion rate is a recurrent problem in somatic embryogenesis protocols. Despite a high somatic embryo production, the lack or low frequency of conversion into plants has been observed for many protocols (Gaj 2004) . This low somatic embryo conversion rate could be associated with morphological abnormalities or embryo immaturity (Ammirato 1987; Suhasini et al. 1996) . A protocol using A. aculeata zygotic embryos as starting explants, and a high sucrose concentra-tion in the maturation medium, improved somatic embryo regeneration (Luis & Scherwinski-Pereira 2014) .
The histological analyses performed during A. aculeata callogenesis showed that cellular alterations in the TCLs started after two days of in vitro culture and occurred in cells located between the bundles of xylem and phloem. In Phoenix dactilyfera, leaf explants showed cellular alterations in the fascicular parenchyma after two days of in vitro culture in the presence of NAA (Gueye et al. 2009b) or 2,4-D (Gueye et al. 2009a) . In leaf TCLs of Bactris gasipaes cultured in the presence of picloram, Steinmacher et al. (2007c) observed the first cell divisions after 30 days located near vascular bundles. According to Almeida et al. (2012) , the pre-procambial cells are the region of the formation of precursor cells for shoots and somatic embryos in Bactris gasipaes.
The A. aculeata proembryos developed in the periphery of nodular calli, as is the case for potato (Sharma & Millan 2004) . In zygotic embryos, somatic embryos formed close to procambial strands of calli and had two origins: unicellular and multicellular. In multicellular origin, somatic embryos are histologically fused with the mother tissue and could also fuse with other somatic embryos (Moura et al. 2008) . This process of origin was most frequent in A. aculeata, but these embryos did not regenerate plants (Moura et al. 2008) . In the present study, somatic embryos showed the same multicellular origin, which could explain the low conversion rate.
Somatic embryos showed malformations, such as an irregular epidermis, loose parenchyma or the presence of phenolic compounds in vascular cells, which may have prevented the somatic embryo from developing and differentiating. Additionally, Moura et al. (2010) found that somatic embryos had no proteins or lipids as storage compounds, which may be essential for conversion. Few somatic embryos progressed and failures occurred during their conversion into a plant, such as the failure of leaf primordium, or roots or both to develop or differentiate. The initial stages of somatic embryogenesis are crucial processes because polarity is established and protoderm and other meristems are formed. The survival and growth of regenerated plantlets depend on these factors . Morphological alterations of somatic embryos, such as histodifferentiation, structural or functional failure of the shoot apical meristem (Nickle & Yeung 1993; Wetzstein & Baker 1993) and shoot apical meristem degeneration (Yeung et al. 1995) can explain the difficulty of plantlet regeneration.
In summary, this study shows that somatic embryos of A.aculeata can be obtained by the thin cell layer technique, but few somatic embryos converted into plants. This protocol can be used for future cloning of adult plants using immature leaves as starting explants, but more studies are needed and new experiments must be carried out in order to improve the conversion rate and to obtain healthy plants.
